I n t r o d u c t i o n The t h e o r e t i c a l p r e d i c t i o n o f the p o s s i b i l i t y t o produce a m p l i f ic a t i o n o f XUV o r s o f t X-ray r a d i a t i o n i n laser-produced plasmas
stimulated intense e f f o r t s i n laser-plasma i n t e r a c t i o n research f o r over the l a s t decade. Calculations [2-41 have shown t h a t under appropriate plasma conditions l a r g e gains and a m p l i f i c a t i o n can be' achieved. Recently, s conclusive demonstration o f such an a m p l i f ic a t i o n conducted a t the Novette l a s e r -t a r g e t i r r a d i a t i o n f a c i l i t y was reported on [5,6J. Population i n v e r s i o n s i n neonlike i o n s obtained i n c i t e d above c a l c u l a t i o n s and experiments were explained by use of a laser-driven electron-collisional-excitation scheme.
Other pump mechanisms [7] a r e charge-exchange 81,intermediate o p t i c a l pumping [ 9 ] o r the recombination scheme 110-14 5 .
I n t h i s paper we present some t h e o r e t i c a l r e s u l t s concerning the generation o f population i n v e r s i o n s i n laser-produced plasmas through recombination pumping. A one-dimensional gasdynamic code w i t h nonlinear heat conduction simulates the i n t e r a c t i o n o f l a s e r l i g h t (1,-= 1.06 ,urn, IL = 1011 -1013 W cmo2, tL-10 ns) w i t h a c y l i n d r i c a l carbon plasma. The c a l c u l a t e d plasma c h a r a c t e r i s t i c s such as the time-evolving e l e c t r o n and i o n temperatures o r d e n s i t i e s a r e f u r t h e r used t o estimate population d e n s i t i e s i n hydrogenlike carbon ions. Analysis o f the population i n v e r s i o n s f o r i n n e r -s h e l l t r a n s i t i o n s , e s p e c i a l l y f o r the 3--2 and 4--3 emission processes, show t h a t a gain optimum i s reached f o r a r e l a t i v e l y long time i n t e r v a l (--5 ns) a f t e r the end o f the l a s e r pulse i n a defined s p a t i a l region. The r e s u l t s w i l l be discussed and compared w i t h experimental and t h e o r e t i c a l f i n d i n g s f o r carbon plasmas i n the l i t e r a t u r e Electrons w i l l be t r e a t e d as one subsystem, w i t h i n t e r n a l energy &, per u n i t mass, temperature Te, pressure p and so on. The i o n s form the second subsystem w i t h a correspo8ding s e t of thermodynamic v a r i a b l e s i n c l u d i n g s p e c i f i c volume V = 1/9 = l /Ni mi (Ni -i o n density, m i -averaged i o n mass). Charge n e u t r a l i t y r e q u i r e s t h a t the two subsystems share the same v e l o c i t y u. The f o l l o w i n g s e t o f gas-dynamic equations i n lagrangian coordinates will be used t o simulate l a s e r heating o f carbon plasmas w i t h a x i a l symmetry:
Besides work o f the summary pressure 3v the equation of the -P 3t e l e c t r o n i n t e r n a l energy contains e l e c t r o n heat f l o w ( w i t h c o e f f i c i e n t o f the classical e l e c t r o n heat conduction x.= %T%)~ exchange o f energy between i o n s and e l e c t r o n s (aei -Qo 9 / T~/ * ) and the absorbed energy o f l a s e r l i g h t per mass i n t e r v a l . Pressure P includes gas-kinetic pressure p = pe + pi = N i (ZT, + Ti), where Z i s the averaged charge of the i o n s , and an a r t i f i c i a l viscous pressure w = ,~~( b u / b m )~, , u i s a constant. I t w i l l be assumed t h a t both subsystems -e l e c t r o n s and i o n s -behave as p e r f e c t gases.
I n our c a l c u l a t i o n s o n l y absorption by the i n v e r s e Bremsstrahlung mechanism was taken i n t o consideration. Long i n t e n s e l a s e r pulses (tL-ions, EL * 5 -500 Jcm-lrad-l) w i t h a trapeze shape were supposed.
I n d i f f e r e n c e t o the MEDUSA code we solve the gas-dynamic equations by means o f a complete i m p l i c i t d i f f e r e n c e scheme on an inhomogeneous lagrangian mesh 1161. I t i s a complete conservative and 2 
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Gain c a l c u l a t i o n s
The gain c o e f f i c i e n t concerning t h e t r a n s i t i o n q -p i n hydrogenic i o n s is where A i s the spontaneous emission r a t e and $ the t r a n s i t i o n 9 P qP frequency. The f a c t o r g ( 3 -jqp) describes the normalized l i n e shape. I n the case o f Gaussian l i n e shape (Doppler broadening) t h i s f u n c t i o n i s given by Therefore, the gain c o e f f i c i e n t f o r resonant t r a n s i t i o n becomes An a n a l y t i c a l c a l c u l a t i o n o f the population densites N (q=1,2,3), q assuming a s i m p l i f i e d f o u r -l e v e l system and q u a s i s t a t i o n a r i t y gives
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JOURNAL DE PHYSIQUE where w.& denote c o l l i s i o n a l e x c i t a t i o n and d e e x c i t a t i o n r a t e s , Z , -i s the t;ansition
time from the hydrogen -t o t h e helium -l i k e state, I t can be seen immediately t h a t the g a i n f o r t r a n s i t i o n s 3-2 and
-3 i s p r o p o r t i o n a l t o the populat_ion d e n s i t y N, o f the pump
l e v e l and the i n v e r s i o n f a c t o r (1 -$ N /N ). With r a t e c o e f f i c i e n t s P 4 f o r c o l l i s i o n a l and r a d i a t i v e procesges given e x p l i c i t e l y as funct i o n s o f the plasma s t a t e (N,Te,Z) we obtain, f o r example f o r N3:
Then, f o r the i n t e r e s t i n g gain f a c t o r s we can w r i t e f o r the t r a n s i t i o n 3-2 and f o r the t r a n s i t i o n 4 -3.
The term
describes the e f f e c t o f the Ld -absorption (L -absorption length, fl = N1/N -r e l a t i v e population d e n s i t y o f the ground l e v e l ) . As i n F i g . 8, t h e l a s e r c o e f f i c i e n t f o r t h e t r a n s i t i o n i n t e n s i t y i s 4.0*1012 w/cm2 3-2 a t d i f f e r e n t d i s t a n c e s from t h e t a r e t . Laser i n t e n s i t y IL 5 1,7'10 l9 w/cm2 Temporal behaviovr o f t h e g a i n f o r t h e 4-3 t r a n s i t i o n a t d i f f e r e n t d i s t a n c e s from t h e t a r g e t . Laser i n t e n s i t y 
w/cm2
The r e l a t i v e population d e n s i t y o f the pump l e v e l i n our s i m p l i f i e d model was c a l c u l a t e d numerically s o l v i n g the f u l l system of r a t e equations f o r population d e n s i t i e s i n the q u a s i s t a t i o n a r y approach. R e s u l t i n g f u n c t i o n a l dependence on d e n s i t y and temperature f o r i s shown i n Fig. 7 . f 4 I f we know the values f o r d e n s i t y and temperature i n dependence on the space coordinate and time from gas-dynamic c a l c u l a t i o n s , we can determine by use o f Fig. 7 and f i n a l l y estimate gain c o e f f i c i e n t s f 4 w i t h formulas (14) and (15). Some r e s u l t s are presented i n Figs.8-11.
Discussion
Corresponding t o equations (14) and (15) Reabsorption o f the resonance l i n e L& lowers the i n v e r s i o n l i m i t o f the 3 -+2 t r a n s i t i o n , and t h e r e f o r e , (max) w i l l be decreased too. The gain curves i n Figs. 8-11 can be understood i n connection w i t h s p a t i a l and temporal v a r i a t i o n s o f d e n s i t y and temperature i n the plasma heated by long l a s e r pulses. So we can see t h a t there e x i s t a s p a t i a l r e g i o n from approximately 300 t o 3000pm measured from the a x i s of t h e c y l i n d e r i c a l t a r g e t , i n which the i n v e r s i o n c o n d i t i o n i s o p t i m a l l y performed. This o p t i m a l s i t u a t i o n occurs a f t e r the l a s e r pulses ( 2 10 ns) and w i l l e x i s t f o r a r e l a t i v e l y l o n g time ( 5 t o 10 ns d u r a t i o n ) .
3 -2 t r a n s i t i o n The s p a t i a l r e g i o n w i t h h i g h gain i s s i n e l l (200 t o 300 p m ) f o r t h e t r a n s i t i o n 3-2.
This i s caused by the f a c t t h a t i n v e r s i o n could be reached a t s u f f i c i e n t l y low temperatures, which w i l l be obtained a f t e r the l a s e r pulse i n a s m a l l s p a t i a l r e g i o n n o t so f a r from the t a r g e t . The maximum gain values f o r the 3-2 t r a n s i t i o n a r e 5 cm-1
However, take i n t o account the i n f l u e n c e of the Ld -absorption, t h i s 
E
e f f e c t o f L,L -absorption on the 3 -2 t r a n s i t i o n i educed f o r
To summarize t h e t h e o r e t i c a l r e s u l t s concerning the X-ray gain i n c y l i n d r i c a l carbon plasmas f o r the 3 -2 t r a n s i t i o n using r e l a t iv e l y long l a s e r pulses (t, --1 0 ns) . we expect an o p t i m a l gain o f -1 L c 5 cm i n a s m a l l s p a t i a l r e g i o n ( 4 100,wn) a t distances from the t a r g e t o f 500 t o 1000 /urn. Maximum gain w i l l be obtained a f t e r the end o f the l a s e r pulse. I t could be detected during a time i n t e r v a l o f approximately 5 ns.
4 -3 t r a n s i t i o n
The i n v e r s i o n c o n d i t i o n N = Ni nv(Te)
shows a nonlinear dependence on the temperature f o r T e h 1 0 eV. Therefore, higher temperatures seems t o be favoured t o g i v e an o p t i m a l gain. Moreover, f o r long l a s e r pulses the temperature i s r e l a t i v e l y h i g h and n e a r l y constant over a l a r g e s p a t i a l range f a r from the t a r g e t . So a h i g h g a i n f o r the t r a n s i t i o n w i t h values o f = 0.05 cm'i (GmaX = 0.08 cm'l) w i l l be reached f o r a wide s p a t i a l r e g i o n (1000 t o 3000,um) i n a time i n t e r v a l o f about 10 ns beginning a t the end of the l a s r pulse.
3
~h e ' i n f l u e n c e o f the l a s e r i n t e n s i t y (1012 t o 1013 W/cm ) i s smell. I t gives r i s e t o o n l y s l i g h t l y d i f f e r e n t s p a t i a l and temporal behaviour.
W e conclude t h a t for the 4 -+3 t r a n s i t i o n longer l a s e r pulses csn generate a gain i n a wide s p a t i a l range f o r l o n times. However, the maximum g a i n value reached i s s m a l l (s 0.08 smog).
To t e s t our t h e o r e t i c a l model we compared the r e s u l t s w i t h some 17 experimental data115i. For N = 5'1016 cm-3, T, = 9 eV and M = 10 -cm", Te = 14 eV, the experimental gain f a c t o r s a r e 0.01 and 0.02 crn-' respectively, Corrss onding t h e o r e t i c a l values 0.018 and 0.025 cn-l c a l c u l a t e d w i t ! h e l p of Eq. 15 are i n good agreement w i t h the experimental findings. For the population d e n s i t y o f the pump l e v e l N4 a value of ~~(exp.1, 1.2-1.01~-cm-3 was measured. Theoretic a l l y we get from ~i g . 7 ~~( t h e 0 y . 1 a 1 . 6 . 1 0~~c m -~.
I n conclusion we note t h a t analogous i n v e s t i g a t i o n s f o r A l ( 2 = 13) and higher Z values are i n preparation.
